Since 1895 when paratuberculosis was first described as a clinical entity by Johne and Frothingham, study of the disease has assembled an impressive number of devoted followers who have committed themselves to a life-long pursuit of unraveling various aspects of the disease. Disease chronicity and resistance to therapeutic measures have concentrated efforts on mechanisms of disease transmission, factors influencing susceptibility, serologic identification of nonclinical carrier animals, and other means of early diagnosis. Only in the last 10 years or so have mechanisms of disease patho-genesis in paratuberculosis been more closely examined. Yet with all of these combined efforts directed towards the understanding of the disease, paratuberculosis remains a significant problem to the researcher, diagnostician, and animal producer.
History
Along with describing the clinical aspects of the disease, Johne and Frothingham also identified the presence of acid-fast organisms in the granulomatous lesions and speculated that this disease was probably an atypical form of ruminant tuberculosis. It was not until 1910 that the organism was first isolated by Twort 102, 103 and given the name Mycobacterium enteriditis chronicae txeudotuberculosae bovis johne. Some time later. the disease became known as paratuberculosis or Johne's disease, and the causative agent became Mycobacterium paratuberculosis.
Paratuberculosis was first described in North America in 1908 37 and has been in every state since. Prior to 1908, the majority of reports originated from northem and western Europe. l03 Incidence, prevalence, and contributing factors Various surveys have been conducted to establish disease incidence and prevalence. A 1983 abattoir survey of 1,000 Wisconsin cattle demonstrated histologic lesions compatible with paratuberculosis in 11% of the animals examined. 7 A New England-based study showed a prevalence rate of 18% when culture techniques were employed in addition to histologic evaluation, 20 which, when alone, provided falsely low estimates because of inaccuracies and lack of sensitivity. Serologic evidence of paratuberculosis in Florida cattle indicated widespread exposure in both beef and dairy cattle, with seropositive animals comprising 8.6% and 17.1% of the test population, respectively. 15 In an extensive survey, which included 32 states and Puerto Rico, lymph nodes were examined from 7,540 animals by culture techniques, and an overall prevalence of 1.6% was found. 72 Prevalence rates in dairy and beef cattle were 2.9% and 0.8%, respectively. In a 16-year survey the National Veterinary Services Laboratory found a disease prevalence rate, as determined by culture techniques, of 7.9% of the 12,917 samples submitted from 44 states, Puerto Rico, and Canada. 86 Paratuberculosis is a slowly spreading disease requiring an extended period of time for the development of clinical signs. By the time a single infected animal is identified, 38-42% of the herd may be infected. 25, [57] [58] [59] Annual death losses within a herd may be as high as 3-l 0%. Clinical disease is usually associated with adult (>2-year-old) animals; however, animals as young as 4 months old may occasionally develop clinical signs. 97 Adult cattle are generally considered resistant to infection; 54 however, age may not be a contributing factor to disease susceptibility in goats. 28 Parturition, a low plane of nutrition, grazing on micronutrient-deficient wetlands, and a variety of other stressors have been incriminated in precipitating clinical disease. 13, 27, 66, 96 All domestic, wild, and exotic ruminants are sus-ceptible to infection with M. paratuberculosis. 4,5,19,41 65,88,101,107-109 American bison, tule elk, eastern whitetailed deer, and feral rabbits have been implicated as potential disease carriers that may influence incidence and spread among wild and domestic ruminants 19, 41, 65, 107, 109 Monogastric animals and birds can become infected experimentally; however, clinical disease usually does not develop. 6, 26, 29, 55, 56, 81, 89, 91 The contribution that these atypical hosts make in spreading the disease is not known. Humans and primates have generally been considered resistant to infection; however, a natural outbreak of paratuberculosis in a colony of stump-tailed macaques has been reported. 67 In addition, an intact and cell wall-deficient (spheroplast) mycobacterial agent resembling in many respects Mycobacterium paratuberculosis has been isolated from several cases of Crohn's disease. 22, 23, 33 Reports in the literature are divided between those that support the potential role of mycobacteria in inflammatory bowel disease and those that do not. Evidence is strong for both arguments; however, mycobacteria (not necessarily paratuberculosis) probably play some role in some cases of human inflammatory bowel disease. One of the most intriguing contributing factors to the incidence of paratuberculosis is soil type. Certain soil types are thought to influence the development of clinical disease; a limited number of studies suggest increased incidence in areas where the soil is acidic and low in calcium. 17, 30, 40, 44, 85, 96 Lesions of paratuberculosis are seen in animals at necropsy and on histopathologic evaluation regardless of soil type; however, clinical disease (diarrhea and weight loss) is abrogated in areas with aeolian soil and a calcium carbonate content of about 25%. Circumstantial evidence indicates that the practice of environmental liming for sanitation purposes may in fact decrease the incidence of paratuberculosis and may be an effective control measure in those areas where paratuberculosis is considered endemic. 85
Pathogenesis and pathology
Infection by M. paratuberculosis occurs following ingestion of the organism, and the fecal-oral route is the most important means of disease transmission. Vertical transmission has been implicated but not adequately substantiated as a significant means of disease transmission . 46, 53, 60, 79, 90, 92 A study utilizing slaughter- house materials for fetal culture has estimated a relative risk of fetal infection by in utero transmission at 26.4% 92 Following experimental oral infection, the first sites in which the organism can be isolated and histologic lesions manifested (1-2 months postinfection) are suprapharyngeal and mesenteric lymph nodes and tonsil. 78 Shortly afterwards when intestinal lesions develop, organisms are intermittently shed in the feces for various lengths of time. The organism is believed to gain entry into the intestine by ileal dome M cells. 75 Subsequently, the organism is passed from M cells to subepithelial macrophages, where it multiples and is carried to regional lymph nodes.
The severity of clinical signs does not correlate well with the severity of the histologic lesions. 25, 97 The lesion in the intestine and regional lymph nodes is characterized by the presence of large numbers of histiocytic and epithelioid macrophages in the absence of necrosis and reactionary fibrosis, and the extent of the inflammatory component is variable. 9, 16, 34, 100 Disseminated disease is rare but has been reported. 36 Although the pathology of the lesions has been described with classification as mild, moderate, and marked, 16 a spectrum of disease as seen in leprosy has not been adequately described. The leprosy spectrum is based not on lesion severity but on lesion character; 1 end of the spectrum (tuberculoid) has few organisms, abundant Langhan's giant cells, necrosis, and fibrosis, whereas the opposite end of the spectrum (lepromatous) has abundant organisms, few giant cells, abundant histiocytes and epithelioid macrophages, and minimal necrosis and fibrosis. 87 This morphologic spectrum can also be demonstrated in chronic paratuberculosis ( Fig.  l-4 ), demonstrating that lesion character can be quite different at similar disease duration. It is unclear whether these differences in histologic character of the lesions corresponds to differences in immunologic status of the ruminant host, similar to what has already been established in leprosy. The accumulation of massive numbers of organisms in the lesions is probably not the cause of defective immune clearance but is the result of the unknown host immune defect. In experimental infections in goats, an immune spectrum with histomorphologic correlates has been attempted." This study indicated that a spectrum occurs, with the more immune responsive status (evaluated by antibody responses and skin test reactivity) occurring in preclinical disease and progressively waning in both humoral and cell-mediated immunity as the infection becomes clinically evident. "Reactive paratuberculosis," therefore, occurs early in the disease, and "unreactive paratuberculosis" refers to immunologic status late in clinical infection, with these 2 spectral entities somewhat mimicking the tuberculoid and lepromatous lesions seen in leprosy, respectively. This scenario does not appear in cattle. Cattle in the terminal stages of clinical disease often have histologic lesions more similar to tuberculoid ("reactive") than lepromatous disease (Figs. 1,   2 ). Ruminants infected with M. paratuberculosis probably undergo reversal reactions from lepromatous to tuberculoid histologic, and possibly immunologic, status similar to what humans undergo with leprosy. The major question yet to be answered in leprosy and paratuberculosis is what factors initiate reversal.
Secondary lesions in paratuberculosis include hepatic granulomas and endocardial and aortic mineralization. Hepatic granulomas may occur with a high enough degree of frequency to make liver biopsy a potentially effective means of antemortem diagnosis. 16 Personal experience does not substantiate this finding. Endocardial and large blood vessel mineralization is a nonspecific lesion, although it occurs commonly in paratuberculosis. Other chronic diseases, e.g., hepatic abscessation, are also associated with this form of dystrophic mineralization. The mineralization can be extensive, involving the entire endocardium, entire abdominal aorta, and various proximal aspects of the pelvic limb arteries.
The role of iron in the pathogenesis of mycobacterial infection and paratuberculosis has been examined.
Many mycobacteria, including M. paratuberculosis, have a high requirement for iron to sustain growth and have developed compounds such as mycobactin and exochelin with which to obtain the cation and transport it across cell membranes . 10 The presence of large amounts of intracellular iron and intracellular M. paratuberculosis appears to be coincident, providing a positive correlation of lesion severity with iron content. 63 Circulating hypoferremia and increased tissue iron is also positively correlated with fecal shedding of M. paratuberculosis in infected cattle. 61 Dietary iron-limited mice are also able to limit multiplication of M. paratuberculosis on an experimental basis. 63 Cattle given iron supplements do not have more severe clinical signs or lesions than those without; however, positive correlations do occur between iron supplementation and fecal shedding of M. paratuberculosis. 62 Lactoferrin and ferritin appear to be the major host sources of iron for mycobacteria, and these compounds have been found in quantity in lesions of cattle with naturally occurring Johne's disease. 74 The concept of "competing siderophores" indicates that certain mycobacteria are more efficient producers of mycobactin and/or exochelin (alternatively, the siderophores they produce are more efficient iron-acquiring compounds) than is M. paratuberculosis, and that these saprophytic mycobacteria may lead to decreased growth rates and potential death of M. paratuberculosis in vitro and in vivo. 84 In histologic examination of the intestinal tract of ruminants, a large acid-fast organism frequently can be seen in varying numbers (Figs. 5,6 ). However, when moderate to large numbers of these organisms ( ≥ 2/ 400 x field) are present, paratuberculosis does not occur (personal observation). Whether or not these organisms represent the producers of "competing siderophores" or inhibit establishment of M. parutuberculosis by some other means is not presently known. A similar observation made previously has been used to partially explain the preference of lesion development in the distal small intestine. 64 The large organism appears to prefer colonization of segments of the intestine other than the distal ileum.
Cell-mediated immunity, more than humoral response, is of prime importance in mycobacterial infections. Cell function in regard to inflammatory mediators and cytokines has not been extensively examined in Johne's disease as it has in other mycobacterial infections, such as leprosy and tuberculosis. Most studies have dealt with macrophage function in vitro, where M. paratuberculosis-infected monocytederived macrophages are unable to degrade the organism 11, 113 and are refractory to the effects of interferon-alpha. 114 Peripheral blood monocytes from cattle with chronic paratuberculosis spontaneous release interleukin-1 (IL-1), 50 which may account for serum hypoferremia seen in chronic paratuberculosis with subsequent accumulation of iron-containing compounds in tissue lesions. 64 A decreased capacity to produce interleukin-2 (IL-2) has also been demonstrated in cases of chronic bovine paratuberculosis. 48 Similar immunologic defects have also been identified in leprosy and tuberculosis. 18, 35, 105 Although not examined in bovine paratuberculosis, the role of λδ T-cells may be important to the pathogenesis of the disease. These cells line mucosal surfaces, including intestine, and are the first line of defense in bacterial infections. 14, 39 These cells recognize antigens, including mycobacterial heat-shock proteins, 14, 76 although it is uncertain whether these cells recognize antigen in context with major histocompatibility determinants. Although defective cell-mediated immune mechanisms have been identified in paratuberculosis, no way of reversing the defects has been discovered, and no precise interpretation with correlates relating to disease syndrome has been made.
Diagnosis
Chronicity of disease development is a hallmark of paratuberculosis, and extensive efforts have been directed toward an effective means of diagnosing the nonclinical carrier animals, which are capable of spreading the organism to numerous other herdmates. Even chronic disease may be difficult to positively diagnose in a noninvasive and expeditious manner. Cul- Figure 5 . Clumps of small acid-fast bacteria consistent with M. paratuberculosis seen among plant debris in intestinal lumen contents of a cow with paratuberculosis. Acid-fast stain. Figure 6 . A single large acid-fast organism. These are common in significant numbers only in paratuberculosis-free animals. Magnification same as Fig. 5 . Acid-fast stain. ture of the organism remains the only definitive means of diagnosis. With incubation periods ranging from weeks to months, this method alone is considered unsuitable for a disease eradication program.
Microscopic evaluation of feces and rectal mucosa has the advantage of technical ease; however, results are generally not very accurate. Biopsy of rectal mu-cosa, has been used in advanced clinical cases; success rates vary from 100% 49 to 20%. 70 More accurate results are obtained with mesenteric lymph node biopsy, particularly when culture of the node is performed in addition to microscopic evaluation. l3, 80 The combination of histologic and cultural evaluation on terminal ileal mesenteric lymph node may, in fact, be the most accurate diagnostic protocol to identify as early an infection as possible. The time-consuming nature and potential difficulty of the biopsy technique is an obvious problem when a large number of animals are to be tested.
Intradermal skin testing utilizing johnin antigen is technically uncomplicated but often produces equivocal results with low sensitivity and specificity. The test is similar to tuberculin testing, except that the johnin test is usually read at 24-48 hours. 57 A change in skin thickness > 5 mm is a positive reaction. Multiple tests can be performed; however, different inoculation sites must be selected because of local desensitization. 51, 95 The intravenous johnin test is probably only slightly more reliable. 45, 52 This test usually requires a large volume of johnin antigen (2-4 ml), and a febrile response (1.5°C within 6 hours) or a shift in the neutrophil : lymphocyte ratio > 2:1 is a positive response. The test claims to have a 96% predictive value for a positive test in clinical cases. 12 The allergen tests generally produce the widest range of results. In 1 study utilizing a 230-cow beef herd with previously diagnosed paratuberculosis, false positives occurred at rates of 54.4%, 53.7%, and 52.2% with feces microscopy, agar gel immunodiffusion (AGID), and complement fixation (CF) tests, respectively. 47 About the same percentages of positive reactions were obtained with allergen testing as with the alternate tests.
Serologic tests are the most widely utilized tests for the presumptive diagnosis of paratuberculosis. However, none of these tests are particularly accurate (sensitive and specific), as is the case with many serologic assays. These tests only indicate a humoral immune response to exposure and not necessarily a disease state. Serologic evaluation of herd status reactivity to mycobacterial antigens is, however, an integral part of any control or eradication program in addition to alternate methods of diagnosis (fecal and tissue culture). Major efforts have concentrated on the preparation of M. paratuberculosis-specific antigens for use in a variety of different methodologies. To date, no such antigen has been found. Cross-reactions can occur with Nocardia asteroides, 2 Corynebacterium sp., 69, 71, 73 and environmental mycobacteria. 21, 106 Fluorescent antibody (FA) tests have been utilized to detect both experimentally and naturally infected cattle 31, 32 Although the assay claims to distinguish be-.
tween M. avium and M. paratuberculosis with experimental infection, more recent studies indicate that FA tests lack both the sensitivity and specificity to detect subclinical infections. 1 The hemagglutination test is highly sensitivity; however, it lacks the specificity of some of the other less technically difficult assays. 59, 70 The most widely used regulatory serologic assay is the complement-fixation test. This test is required by the majority of countries to which ruminants in the United States are frequently exported. However, a high percentage of false-positive and false-negative results are frequently obtained utilizing this assay proced u r e . 1 7 , 5 8 , 8 2 , 8 3 Rhodococcus equi is a significant cause of cross-reactivity in complement fixation. 69 Agar gel immunodiffusion (AGID) is a commercially available" and technically simple test procedure that is frequently easier to interpret than other serologic tests that provide a numerical titer value; however, as with complement fixation, AGID has relatively low sensitivity in preclinical cases. 94 A positive correlation appears to exist between fecal shedding of the organism and positive AGID results. 93 Enzyme-linked immunosorbent assay (ELISA) has become a widely utilized test method in conjunction with other methods of diagnosis, such as fecal culture. This assay affords some of the best sensitivity and specificity data of all the serologic tests, with specificity estimates at least equivalent to those of complement fixation, but with higher sensitivity. 43 One estimate reports sensitivity at 83% and specificity at 89%. 2 One of the primary concerns in ELISA serology is the selection of an appropriate antigen to which a detectable early humoral immune response is mounted. A variety of antigens have been used in development of paratuberculosis ELISA tests; protoplasmic antigens derived from extraction and/or cell disruption have been most commonly used. 8, 111 Other antigens include M. paratuberculosis-derived lipoarabinomannan 98, 99 and organism sonicates. 71 Preabsorption of test sera with environmental mycobacteria (M. phlei) has dramatically increased the specificity of the ELISA test. 71, 112 Experimental infection studies have shown that the majority of animals seroconvert by cell sonicate antigen ELISA between 10 and 28 months, with detectable fecal shedding (assessed by culture) occurring before seroconversion. 73 With protoplasmic antigen and serum preabsorption, seroconversion in a low number (4) of experimentally infected animals occurred in 6-9 months. 110 Although the ELISA has the promising characteristics of high sensitivity and specificity, problems with the assay and its interpretation remain. The different antigens utilized tend to interfere with attempts at consistency among laboratories. Optical density values for a positive reaction while still retaining test specificity are difficult to ascertain. Antigen preparations are usually derived from laboratory-adapted strains of M. paratuberculosis (often Ames strain 18). The validity of this methodology is questionable because of the numerous changes that bacteria undergo during in vitro passage. Generally, the best use of the ELISA is for determining the lack of infection.
Most recently, DNA probe technology has been utilized as 'yet another promising means of early diagnosis. Several DNA sequences and, subsequently, hybridization probes have been identified that are proposed as specific for M. paratuberculosis. 24, 38, 104 T h e probes that hybridize to IS900, an insertion sequence element, appear to have excellent specificity for M. paratuberculosis. b , 6 8 Coupling DNA technology with polymerase chain reaction techniques also provides extremely high sensitivity. 104 When detection techniques become so sensitive as to identify a single organism or portion of a nucleotide within a test specimen, the question of what constitutes an infectious dose (or a detectable level that actually correlates with clinical disease) must be dealt with.
Discussion and editorial
It has been almost 100 years since ruminant paratuberculosis was described and the causative agent identified, and yet the disease continues to frustrate the scientific and agricultural communities. A great deal of progress has been made in development of early diagnostic techniques and control measures for minimizing spread and in elimination of the disease on a herd basis. We still know very little about the pathogenesis of the infectious process, the role of the host immune response and specific cell subsets in disease development, the specific mycobacterial antigens that promote humoral and cellular immune responsiveness, and environmental factors that enhance or abrogate disease initiation.
As researchers of animal diseases, 1 of our primary responsibilities is the development and characterization of animal models of human disease. In a sense, we have neglected this responsibility with respect to ruminant paratuberculosis. Instead, we follow the paths of leprosy and tuberculosis researchers when we should actually be at the forefront of such research endeavors. We have an outstanding natural and experimentally reproducible model of chronic mycobacteriosis in paratuberculosis, which has not been fully exploited in terms of pathogenesis, immunity, and characteristics of the organism itself.
A large portion of leprosy and tuberculosis research is devoted to identifying and defining the role of specific antigens incorporated into and produced by the organism. Soluble antigen products. produced by M. paratuberculosis have been largely ignored. Circulating antigens of mycobacterial origin occur in other mycobacterial diseases, and these early secreted antigens may be responsible for inducing a humoral immune response in paratuberculosis. Soluble secreted antigens may be an area of lucrative exploration for development of early diagnostic immunoassays. Antigens used in diagnostic array procedures have been structural antigens, usually derived from laboratory-adapted strains whose antigenic characteristics are not well defined. The degree of antigenemia has also not been examined in paratuberculosis. Circulating antigen may be detectable prior to detection of a significant humoral immune response. Again, secreted antigen produced by the organism would be the most likely candidate for an antigenemia.
The inhibitory effects of other mycobacteria on the development of paratuberculosis is another area that needs further exploration. Whether these saprophytic organisms inhibit growth by being more efficient nutrient scavengers (potentially by virtue of a high-iron affinity mycobactin or exochelin) or by production of an antimicrobial (mycobacteriocin) agent is not known. The mycobacteriocin hypothesis is particularly intriguing for production of a chemotherapeutic agent. In addition, if the gene coding for this bacteriocin could be identified, paratuberculosis could be eliminated by transgenic animal technology. Insertion of the active gene coupled to the gene coding for lactalbumin, for example, would allow expression of the gene product when the transgenic animal is in lactation, thereby providing a source of mycobacteriocin to the neonate whenever it nursed. Resistance to paratuberculosis would be provided even in the presence of animals actively shedding the organism and contaminating the environment.
Personal experience and communication with other researchers indicate that in some chronic experimental infection studies with mycobacteria the organism can be eliminated by large doses of chemotherapeutic agents; however, the granulomatous lesion persists. The macrophages, a long-lived cell type, may be altered by infection with the organism so that even when the organism is removed, ineffective or inappropriate cell function persists. Several phospholipid components necessary for normal cell activation, such as phosphoinositol, also make up a significant portion of the mycobacterium. Phosphoinositol cleavage into second messenger by-products, such as diacylglycerol (protein kinase activation) and inositol triphosphate (increase intracellular calcium), is a well-established means of cell activation. The phosphoinositol-containing mycobacterial components may be utilized by cellular enzymes during the process of cell activation, and these components may be inappropriate enzvme substrates.
Alternatively, the phosphoinositol-containing substrates of mycobacterial origin may produce nonsense end products (instead of diacylglycerol and inositol triphosphate) that do not induce protein kinase activity or calcium redistribution. Either mechanism would result in inappropriate cell activation and cell senescence from a functional standpoint, which may explain occasional, persistent granulomatous reactions at vaccination sites. 21 Reproduction of cellular deactivation (functional senescence) and lesion development in vivo by mycobacterial antigens may lend support to this hypothesis.
Although the primary direction of paratuberculosis studies is early infection detection and eradication, we must not deprive the remainder of the scientific community of this valuable model of mycobacterial disease pathogenesis. The similarities among the mycobacterial diseases, primarily with respect to inflammatory characteristics and disease chronicity, dictates that all facets of mycobacterial research would benefit from creative experimentation involving ruminant paratuberculosis.
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